ABSTRACT. The use of phased-arrays techniques has considerably contributed to extend the domain of applications and the performances of ultrasonic methods on complex configurations. Their adaptability offers a great freedom for conceiving the inspection leading to a wide range of functionalities gathering electronic commutation, applications of different delay laws and so on. This advantage allows to circumvent the difficulties encountered with more classical techniques especially when the inspection is assisted by simulation at the different stages : probe design (optimization of the number and characteristics of the elements), evaluation of the performances in terms of flaw detection (zone coverage) and characterization, driving the array (computation of adapted delay laws) and finally analyzing the results (versatile model-based imaging tools allowing in particular to locate the data in the real space). The CEA is strongly involved in the development of efficient simulation-based tools adapted to these needs. In this communication we present the recent advances done at CEA in this field and show several examples of complex NDT phased arrays applications. On these cases we show the interest and the performances of simulation-helped array design, array-driving and data analysis.
INTRODUCTION
Ultrasonic (UT) Phased arrays techniques have become widely used in NDT applications over the last years. Although their inherent versatility compared to conventional techniques was known many years ago, difficult technical requirements (manufacture of reliable, optimized and homogeneous arrays, high performances multichannels acquisition systems, adapted software) and, subsequently economical constraints still were a limit for widely spread applications in the field. Very significant improvements have been achieved in these domains, so that phased arrays techniques can nowadays be considered as an industrial tool. However, high expectations arising from such versatile techniques require dedicated tools to conceive and to optimize phased array probes and inspection methods. The CEA (French Atomic Energy Commission) has developed simulation tools gathered in the CIVA platform [1] which aim at providing help for designing such techniques.
Such tools rely on the generic models developed inside CIV A, and specific emphasis is set over the following phased array features, which will be illustrated in this paper:
• Delay laws and beam computations • Flaw scattering • Data reconstruction
The paper is organized as follows. First, a brief introduction to the UT models developed in CIVA is given, and specific functionalities for phased arrays are presented. Then, a simulation example is given, which concerns a sectorial scanning inspection over a complex (CAD defined) specimen containing cylindrical holes. This simulation example illustrates skills in terms of beam computation, its interaction with flaws (as well as the specimen boundaries), and reconstruction of the resulting sectorial scan image inside the component frame coordinates. An application of phased array techniques is therefore presented, which deals with a nozzle inspection using a flexible 2D array. For this example, simulated and experimental data are displayed in the component frame coordinates, which allows to locate and to size the detected flaw in spite of the complex scanning pattern of the probe over the nozzle.
UT MODELS IN CIVA AND PHASED ARRAYS FEATURES

Beam Propagation and Flaw Scattering Simulation Codes
The ultrasonic field transmitted by an arbitrary probe through an arbitrary component is simulated using a semi-analytical method based on the synthesis of the impulse response function [2] . This model roughly assumes that the beam may be obtained by summing the contributions of sources distributed over the surface of the probe, and convoluted with the waveform of the probe. The elementary contributions are calculated using the so-called "pencil method". This method allows to deal with complex configurations: homogeneous or heterogeneous structures, isotropic or anisotropic materials, canonical geometries or complex shapes. The impulse response at one given computation point is synthesized using the elementary contributions over the surface of the probe, taking into account their various time of flight and amplitudes along possibly complex UT paths (transmission/reflection at different interfaces, including pencil divergence calculation and transmission coefficient at those different interfaces).
The flaw scattering model aims at predicting echoes arising from flaws located inside the material. Different models may be used to simulate the interaction between the flaw and the beam, depending on the characteristics of the flaws: for crack-like defects and void volumetric defects, the Kirchhoff approximation [3] is used, which assumes that the wave does not propagate inside the flaws. Therefore the defect surface is meshed, and for each elementary surface one computes a scattered wavelet which is described by a local diffraction coefficient depending on the type of incident and reflected field (Longitudinal (L) or Transverse (T) wave) and on the incident (forward path) and observation (backward) angles. This diffraction coefficient is multiplied by the incoming field arising on the defect elementary surface.
The simulated signal of the receiving probe is calculated using the Auld's reciprocity principle [4] : one considers that the average pressure on the receiving probe, due to the scattered wavelets from the flaw is proportional to the field which would be radiated by this probe on the flaw itself. Therefore the complete simulation only requires the beam computation of the forward and backward modes (L or T) on the meshed surface of the flaw, for which the scattered field is evaluated using the Kirchhoff approximation. The complete signal is the summation of all elementary modes (L waves echoes, T waves echoes, converted modes, corner echoes...) which are requested by the user.
Phased Array Features
A key point in phased array techniques techniques is the conception of the array probe, which mostly depends on the requested versatility of the beam (steering/focusing in one plane or inside a 3D volume, range of refracted angles and focusing depth...). Most phased array patterns can be dealt with in CIVA, as illustrated on figure below: ID linear array, 2D matrix array, annular (and sectored) arrays. These designs may be applied to contact probes (with wedge), dual RT (Receive/Transmit) probes, immersion probes, encircled or encircling probes (for complete coverage of tube inspection) and flexible array probes (elements coupled to the surface, see an application of this kind of probe in this paper).
Delay and amplitude laws then can be computed in order to reach the desired performances of the inspection. Those delays may be applied to focus or to steer the beam. Algorithms developed aim at providing these skills for any canonical geometries (planar, cylindrical, spherical) and CAD specimen, made of one or several isotropic or anisotropic media, in L or T mode propagations, taking into account mode conversion after backwall reflection.
SIMULATION OF SECTORIAL SCANNING INSPECTION
Description of the Configuration
The example illustrated below concerns the inspection of a steel pecimen which entry profile does not allow to move the probe over the specimen. Therefore the array probe is used to perform a sectorial scan, as illustrated on Figure 2 .a) : a set of 60 focal points, aligned along a circle of radius 90 mm, from 5° to 70° angular aperture (with respect to the probe coordinates) is used to calculate delay laws in L mode. The probe is a linear array of 32x20 mm 2 aperture, of 24 elements, of central frequency 2 MHz (the pitch is therefore inferior to a half-wavelength in L mode in steed). The beam is computed in the incidence plane of the probe (the computation zone is displayed in grey). As the pulse response of each element is computed, there's no need to re-compute the whole beam for application of a new delay law: the pulse responses are summed and weighted using the applied laws to form the ultrasonic beam. Figure 2b) shows the radiated fields for the first and last focal law applied; which correspond to a refracted longitudinal beam of 5° and 70°. It can be pointed out that the radiated beams are correctly refracted in comparison with the desired deviation angles (the superposition of the deviation axis to the field shows that the main orientation of the beam is correct). 
Description of the Simulation Result
The complete inspection simulation is performed with a set of spherical holes located at the interface of the weld. For this inspection simulation, only L waves are considered, and the backwall echoes are also taken into account. The simulation result is displayed on Figure 2 .c), which shows a scan image as a collection of signals received for each shot (i.e. for each applied focal law). On this image, echoes arising from flaws and from the backwall itself are reported, but the interpretation of such an image may become complex for multiple echoes (L, T, converted modes, reflected modes) combined with multiple reflectors (backwall, flaws). Therefore, specific reconstruction images have been developed in order to display such an image (or, more generally, any kind of phased array techniques with variable settings: electronic commutation and/or sectorial scanning, multiple depth focusing...) in the specimen coordinates. To achieve this, UT path associated for each shot is computed to get the exact index point and actual refraction angle inside the material. Once these paths are estimated, one can locate all simulated signals in the frame of the specimen, as illustrated on Figure 2 .d).
EXAMPLE OF APPLICATION: FLEXIBLE ARRAY
INSPECTION OF A NOZZLE WITH A 3D
The following application illustrates the inspection of a complex specimen parametrically defined: a nozzle. The inspection of such a specimen has to overcome major difficulties, as potential flaws shall be detected at the inner connection of both cylinders which form the nozzle. The inspection is usually performed with probes located at the outer side of the nozzle, from the main (the larger) or the secondary (the smaller) cylinder, depending on the location of the flaws and on the access of the nozzle. On this example, the inspected nozzle has a specific conical junction on the secondary cylinder, and one tries to detect longitudinal flaws emerging at the backwall of the secondary cylinder. Figure 3 shows the configuration of the inspection, carried out using a flexible matrix array probe moved around the conical part (30° slope) of the nozzle . Such flexible array probes have been developed at CEA for many years [5] : it is recalled that those probes are flexible to fit complex surfaces (in order to improve the coupling of the probe), they are split into an array pattern (ID or 2D array for 2D or 3D complex specimen), and finally a specific instrumentation device is integrated inside the probe housing in order to measure the own deformation of the array, to be compensated with delay laws. Finally this probe allows to maintain the desired inspection performances in terms of beam orientation and focal characteristics in spite of unknown complex profile.
In Figure 4 , an inspection simulation has been carried out with a rectangular flaw roughly located below the conical junction (this position may vary all along the secondary cylinder axis). The simulation result, as for the previous simulation example, is displayed in the CAD frame coordinates, and the diffraction and corner echo is observed. The inspection was carried out with focal laws to ensure a 45° T waves inspection in the plane perpendicular to the flaw (this means that both tilt and skew angles were applied, thanks to the matrix array design). The comparison between this simulation inspection and the actual experiment is shown on Figure 5 , which displays the reconstructed scans of both simulation and experimental data (from the experimental data, simulation tools have also been applied to represent the data in the CAD frame coordinates). On this Figure we also reported the amplitudes of the diffraction and the corner echo with respect to a calibration reflector (a side drilled hole). It can be readily pointed out that the simulation correctly predicts the amplitude of the corner echo with respect to the side drilled hole, which is major need to assess the quantitative performances by simulation.
SUMMARY AND FUTURE WORK
This paper has presented existing simulation tools developed in the CIVA software for phased array techniques. These tools allow predicting beam propagation and flaw scattering, and specific features aim at providing help for phased array and delay laws computation in complex configurations. The application of these tools have been illustrated over a sectorial scanning inspection simulation, which showed the beam prediction, scattered echoes from spherical flaws and from the specimen backwall, as well as the reconstruction of the simulated data inside the CAD frame coordinates. An application of these tools to the real inspection of a complex component (a nozzle) has also been carried out and compared to experimental results. For this application, beam skewing and tilting has been applied thanks to a flexible matrix array probe moved around the conical part of the nozzle.
Developments in progress aim at extending phased array simulation, especially for data reconstruction. In this paper, the reconstruction of simulated (or experimental) data in terms of visualization was emphasized, but other work, previously presented [6] , or in development, aim at exploiting the complete set of array data collection (all signals received for each element of the array) in order to improve lateral resolution, signal-tonoise ratio, or to be used for model based inversion. Different algorithms are currently being investigated.
